An in vitro selection procedure was used to select RNase P ribozyme variants that efficiently cleaved the sequence of the mRNA encoding thymidine kinase of herpes simplex virus 1. Of the 45 selected variants sequenced, 25 ribozymes carried a common mutation at nucleotides 224 and 225 of RNase P catalytic RNA from Escherichia coli (G 224 G 225 3 AA). These selected ribozymes exhibited at least 10 times higher cleavage efficiency (k cat /K m ) than that derived from the wild type ribozyme. Our results suggest that the mutated A 224 A 225 are in close proximity to the substrate and enhance substrate binding of the ribozyme. When these ribozyme variants were expressed in herpes simplex virus 1-infected cells, the levels of thymidine kinase mRNA and protein were reduced by 95-99%. Our study provides the first direct evidence that RNase P ribozyme variants isolated by the selection procedure can be used for the construction of gene-targeting ribozymes that are highly effective in tissue culture. These results demonstrate the potential for using RNase P ribozymes as gene-targeting agents against any mRNA sequences, and using the selection procedure as a general approach for the engineering of RNase P ribozymes.
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RNA enzymes are being developed as promising gene-targeting reagents to specifically cleave RNA sequences of choice (1) (2) (3) . For example, both hammerhead and hairpin ribozymes have been shown to cleave viral mRNA sequences and inhibit viral replication in cells infected with human viruses, while a ribozyme derived from a group I intron has been used to repair mutant mRNAs in cells (4 -9) . Thus, ribozymes can be used as a tool in both basic and clinical research, such as in studies of tumorigenesis and antiviral gene therapy.
RNase P is a ribonucleoprotein complex responsible for the 5Ј maturation of tRNAs (10, 11) . It catalyzes a hydrolysis reaction to remove a 5Ј leader sequence from tRNA precursors (ptRNA) 1 and several other small RNAs . In Escherichia coli, RNase P consists of a catalytic RNA subunit (M1 RNA) and a protein subunit (C5 protein) (10, 11) . In the presence of a high concentration of salt, such as 100 mM Mg 2ϩ , M1 RNA acts as a catalyst and cleaves ptRNAs in vitro in the absence of C5 protein (12) . Extensive studies with both phylogenetic and biochemical analyses have established models for the secondary and threedimensional structures of RNase P catalytic RNAs (13) (14) (15) (16) . These models provide a framework to identify the putative active site and substrate binding site, and to study the mechanism of RNase P catalytic RNAs.
Studies on substrate recognition by RNase P have revealed that a small model substrate can be cleaved efficiently by M1 ribozyme (Fig. 1A) . This model substrate contains a structure equivalent to the acceptor stem, the T-stem, the 3Ј CCA sequence, and the 5Ј leader sequence of a ptRNA molecule. Accordingly, M1 catalytic RNA can cleave a mRNA sequence if the mRNA substrate forms a hybrid complex with its complementary sequence (external guide sequence) (Fig. 1A) (17) . Moreover, a sequence-specific mRNA-cleaving ribozyme, M1GS RNA, can be constructed by linking a guide sequence covalently to M1 RNA (Fig. 1A) (18, 19) . In this reaction, the ribozyme uses its guide sequence to bind to its substrate through base pairing interactions and then docks the substrate into the active site, followed by cleavage and finally by product dissociation (Fig. 1B) . We have previously shown that a M1GS ribozyme cleaved the mRNA sequence encoding the thymidine kinase (TK) of herpes simplex virus 1 (HSV-1) (19, 20) . When the ribozyme was expressed in mammalian cells infected with HSV-1, both the viral TK mRNA and protein levels were reduced by 75% (19) .
While little is known about the rate-limiting step of M1GS RNA cleavage reaction in cultured cells, studies on hammerhead and hairpin ribozymes suggest that binding of the ribozyme to its target RNA appears to be rate-limiting in vivo (4, 9, 21, 22) . Extensive studies have been carried out to develop strategies to express these ribozymes that colocalize with the substrates within a particular cellular compartment, and to design ribozymes to target the mRNA regions that are accessible to binding (4, 9, (21) (22) (23) (24) . These studies have led to significant improvements of the efficacies of hammerhead and hairpin ribozymes in cellular environments.
In our previous studies, M1GS RNA was targeted to a region of TK mRNA that is accessible to modification by dimethyl sulfate in cell culture and also accessible to ribozyme binding (19, 25) . Moreover, the ribozyme was expressed primarily in the nuclei by using the promoter of small nuclear U6 RNA (19, 23, 25, 26) . This design would increase the probability for the constructed RNase P ribozyme to locate and bind to its target mRNA sequence. Under such conditions, it is possible that the rate of the RNase P ribozyme cleavage in culture cells is dictated by the overall cleavage rate (k cat /K m ) of the ribozyme. If this is the case, increasing the catalytic efficiency of the ribozyme may lead to more effective inhibition of the target mRNA expression in cultured cells.
In the present study, we employed an in vitro selection procedure (27) (28) (29) (30) to isolate highly active M1GS ribozymes from an M1 RNA pool that contained random mutations. Some of the selected ribozymes exhibited at least 10 times higher cleavage efficiency (k cat /K m ) than that derived from the wild type ribozyme. When these selected ribozyme variants were expressed in cells infected with HSV-1, a reduction of 95-99% in TK expression was observed. These studies demonstrate the feasibility of developing effective RNase P ribozymes for genetargeting applications.
EXPERIMENTAL PROCEDURES
Ribozyme and Substrate Constructs-All oligonucleotides and the biotinylated RNA substrate tk46 (5Ј-Biotin-GACCCCUGCCAUCAAC-ACGCG 21 TCTGCGTTCGAC 33 CAGGCTGCGCGGU-3Ј) were synthesized using a DNA oligonucleotide synthesizer. The 13-nucleotide-long targeting sequence of tk46 (positions 21-33) base pairs with the guide sequence of M1GS RNAs (Fig. 1C) . The sequences upstream and downstream from the targeting sequence are the 5Ј leader sequence of 20 nucleotides and 3Ј tail sequence of 13 nucleotides, respectively. Plasmid pFL117 and pC102 that contain the DNA sequences encoding the wild type M1 RNA and ribozyme mutant C102, respectively, have been described previously (19, 31) . Plasmid pFL120, pS5, and pTyr contained the DNA sequences that encode the RNA substrate tk46, S5, and ptRNA Tyr , respectively (19, 32) . Substrate S5 was derived from tk46 by replacing every uridine of tk46 with a cytosine and changing C 34 to U 34 . The DNAs that coded for tk46-3 and S5-3 were generated by PCR to replace the entire 13-nucleotide-long 3Ј tail sequence of tk46 and S5, respectively, with a thymidine nucleotide. The DNA sequences that code for RNA tk46-5 and tk46-3 were constructed by PCR using pFL120 as the template, AF25 as the 5Ј primer, and oligonucleotides olitk46-5 (5Ј-CCGCGCAGCCTGGTCGAACGCAGACTATAGTGAGTCGTATTA-3Ј) and olitk46-3 (5Ј-AGTCGAACGCA-3Ј) as the 3Ј primers, respectively. The DNA sequences that encoded ribozyme C102-R6 and C102-R29 were generated by PCR using oligonucleotide AF25 (5Ј-GGAATT-CTAATACGACTCACTATAG-3Ј) as the 5Ј primer, oligonucleotide C102 (5Ј-TATGACCATGATTACGCCAAGCTTCAGGTGAAACTGACCGA GAATCATCCTGCTAGCGTGGACAGTCA-3Ј) as the 3Ј primer, pR6 and pR29 as the templates, respectively. The DNA sequences coding for the ribozymes that target substrate S5 and S5-3 were generated by PCR using the DNA sequences coding for the ribozymes that target tk46 as the templates, and AF25 and S5-3-GS (5Ј-GTGGTGCCCGCGCCCGA-CTATGACCATG-3Ј) as the 5Ј and 3Ј primers, respectively.
Construction of M1 RNA Variant Sequences-The procedure to generate the pool of mutagenized M1 RNA sequences is similar to that described previously to generate variant sequences of group I intron ribozymes (33) . Briefly, plasmid pC102 (31) was digested with E. coli exonuclease III (United States Biochemical Corp.) and annealed to three oligonucleotides, FL111, FL112, and FL113. FL111 (5Ј-TTCCCCCCCAGGCGTTAcctggcaccctgccctatggagcccggactttcctcCCCTCCGCCC-GTC-3Ј), FL112 (5Ј-GCCGTACCTTATGAACCcctatttggccttgctccgggtggagtttaccgTGTTACGGACTGTTAC-3Ј), and FL113 (5Ј-AAGCTTCAGGTGAAACTGACCgacaagccgggttctgtcgtggacagtcattcatctAGGCCAGCAAT-CGCT-3Ј) had 10% probability of mutation in the regions corresponding to positions 61-96, 223-260, and 328 -363 of M1 RNA, respectively ( Fig.  2A) . In these oligonucleotides, the mutated positions (represented as lowercase letters in the sequence) were synthesized in the presence of 90% of the nucleotides specified by the lowercase letter and 3.3% each of the three other nucleotides. T4 DNA polymerase and ligase were added to generate the full-length of DNA sequences that code for the ribozyme. Finally, these DNA molecules were amplified by PCR with 5Ј primer Oligo101 (5Ј-GGAATTCTAATACGACTCACTATAGAAGCTGACCAG-ACAGTCGCC-3Ј) and 3Ј primer Oligo31 (5Ј-GTG GTGTCTGCGTTCG-ACTATGACCATG-3Ј). Ribozyme molecules were synthesized in vitro from the DNA template with T7 RNA polymerase.
Evolution in Vitro-Ribozymes (10 -100 pmol) that contained randomized mutations were annealed in the annealing buffer (50 mM Tris, pH 7.5, 100 mM NH 4 Cl) to the same amount of biotinylated tk46 RNA (Fig. 2B) . This substrate contained a 5Ј TK mRNA sequence of 46 nucleotides which has been shown to be accessible to M1GS RNA binding in both human 143tk Ϫ cells and murine NIH3T3 cells (19) . Mg 2ϩ ions, which are essential for M1 RNA and RNase P catalysis (12, 34) , were omitted from the annealing buffer to prevent cleavage. The streptavidin column (Affinitip) (Genosys Biotechnologies, Inc. Woodlands, TX) was preconditioned according to manufacturer's recommendations with the annealing buffer. The annealed complexes of the ribozyme and 5Ј-biotinylated tk46 were allowed to bind to a streptavidin column, and all unbound ribozymes were washed away. Mg 2ϩ ions were also omitted from the washing buffer to prevent cleavage. Reaction buffer (buffer A: 50 mM Tris, pH 7.5, 100 mM NH 4 Cl, 100 mM MgCl 2 ) that contained MgCl 2 was added to the column to allow the cleavage reaction to proceed. M1 RNA was shown to exhibit optimal cleavage activity in buffer A (12) . Only active ribozymes cleaved their substrates and released themselves from the column, while the ribozymes that were less active remained bound. On average, 10% of the total pool of ribozymes bound to the streptavidin column following annealing to the biotinylated substrate, out of which only 0.05-5% was eluted from the column upon addition of the magnesium-containing cleavage buffer and incubation at 37°C. Finally, the effluent from the column was loaded on a denaturing gel and active ribozyme molecules were recovered from the gel. cDNA was then synthesized from these RNA molecules with primer Oligo31 in the presence of avian myeloblastosis virus reverse transcriptase and further amplified by errorprone PCR procedures (35) in the presence of primers Oligo101 and Oligo31. The cDNA molecules were then used as the templates for synthesis of ribozyme molecules for the next round of selection. During selection, the activity of the population of each generation was monitored by measuring the overall rate of cleavage (k cat /K m ) under single turnover conditions (see "Kinetic Analyses" for assay conditions). This procedure was repeated nine times, until no apparent enhancement of the cleavage rate of the ribozyme population was observed after a short period of incubation (5 min).
Incubation times for cycles 1 through 2 , cycles 3 through 4, cycles 5 through 6, and cycles 7-9 were 720, 120, 30, and 5 min, respectively. Following nine cycles of selection, the cDNA was cloned into pUC19 and sequenced.
Kinetic Analyses-The cleavage reactions of substrates tk46 and ptRNA Tyr by different ribozymes were carried out in buffer A (50 mM Tris, pH 7.5, 100 mM NH 4 Cl, 100 mM MgCl 2 ) and single-turnover kinetic analyses to determine the values of k cat /K m were performed as described previously (19, 31, 32) . Briefly, analyses were performed with a trace amount of radioactive substrate and an excess of ribozyme. The concentration of radioactive substrate was less than 0.1 nM, and the concentrations of ribozyme tested ranged from 0.5 to100 nM. Variants of the amount of substrate did not affect the observed cleavage rate (k obs ) at a fixed excess ribozyme concentrations and the reaction followed pseudo-first-order kinetics. Pseudo-first-order rate constants of cleavage (k obs ) were assayed at each ribozyme concentration by the slope of a plot: ln[(F t Ϫ F e )/(1 Ϫ F e )] versus time using Kaleidagraph program (Synergy Software, Reading, PA). F t and F e represent the fraction of the substrate at time t and the end point (Ͼ10 h) of the experiments, respectively. The values of the overall cleavage rate (k cat /K m ) were calculated by the slope of a least-squares linear regression (Kaleidagraph) of a plot of the values of k obs versus the concentrations of the ribozymes.
The experimental procedures to determine the apparent reaction rate constant k app were carried out as described previously (32) . Briefly, equimolar amounts of substrates and ribozymes were incubated in buffer B (16.6 mM PIPES, 40 mM Tris-HCl, pH 6.0, 100 NaCl, 100 mM CaCl 2 ) at 37°C for 10 min to allow binding. After binding, the bound ribozyme-substrate complexes were separated from the unbound substrates using G-50 Sephadex gel filtration columns (Roche Molecular Biochemicals). The eluate was examined in 5% polyacrylamide nondenaturing gels for the presence of labeled ribozyme-substrate complexes and the concentrations of the complexes were quantitated by a Storm 840 PhosphorImager. Then ribozyme-substrate complexes were diluted in different concentrations (2-70 nM) and incubated in buffer C (16.6 mM PIPES, 40 mM Tris-HCl, pH 6.0, 100 NaCl, 100 mM MgCl 2 ) at 37°C. Aliquots were withdrawn from reaction mixtures at regular intervals (from 0 to 160 min). The cleavage products were separated on 15% denaturing gels, autoradiographed, and quantitated with a Storm 840 PhosphorImager. The apparent rate constant, k app , was calculated by the slope of the plot of ln(S 0 /S t ) versus time, where S 0 equals the initial substrate concentration and S t equals the substrate concentration at a given time point. The values obtained were the average of three experiments.
UV Cross-linking Experiments-Substrates S5 and S5-3, which contained the photoactive 4-thiouridine, were synthesized in the presence of 4-thio-UTP by T7 RNA polymerase. UV cross-linking was carried out as described previously (32, 36) . Briefly, radiolabeled RNA substrates (20 -50 nM) were incubated with ribozymes (20 -50 nM) in buffer D (50 mM Tris, pH 7.5, 100 mM NH 4 Cl, 100 mM CaCl 2 ) for 5 min at 25°C. Then, the reaction mixture was exposed to UV light (365 nm) on ice for 15 min. The cross-linked species were separated in denaturing gels and further purified. Primer extension analyses of the cross-linked species were carried out using primer AK3(265-282) (5Ј-ACGGGCCGTACCT-TATG-3Ј). The primer extension products were separated in denaturing gels and quantitated with a Storm 840 PhosphorImager.
Binding Assays and Determination of Binding Dissociation Constant (K d )-The procedures to measure the equilibrium dissociation constants (K d ) of complexes of the ribozymes and the substrates were modified from Pyle et al. (37) . In brief, various concentrations of ribozyme (0.0005-50 nM) were preincubated in buffer E (50 mM Tris, pH 7.5, 100 mM NH 4 Cl, 100 mM CaCl 2 , 3% glycerol, 0.1% xylene cyanol, 0.1% bromphenol blue) for 10 min before mixing with an equal volume of 1-10 pM substrate RNA preheated under identical conditions. The samples were incubated for 10 -120 min to allow binding, then loaded on a 5% polyacrylamide gel, and run at 10 watts. The electrophoresis running buffer contained 100 mM Tris-Hepes, pH 7.5, and 10 mM MgCl 2 (37) . The value of K d was then extrapolated from a graph plotting percentage of product bound versus ribozyme concentration. The values were the average of three experiments.
Construction of Retroviral Plasmids and Ribozyme-expressing Cells-Retroviral constructs RvM1-TK, Rv⌬M1-TK, RvC102-TK, RvC102-R6, RvC102-R29, RvR6, and RvR29 were constructed by placing the DNA sequences that coded for M1-TK, ⌬M1-TK, C102-TK, C102-R6, C102-R29, R6, and R29 under the control of the U6 promoter in the LXSN retroviral vector, respectively (19, 38) . Cells that contained the M1GS-retroviral DNA sequence were generated as described previously (19, 38) . Those cells that expressed high levels of ribozymes were cloned and expanded in media that contained 600 g/ml neomycin (G418). The level of M1GS RNA expression in individual cell clone was determined by an RNase protection assay with a probe complementary to the 5Ј region of M1 RNA sequence (nucleotides 1-60) (19) . Only those cell clones that expressed similar levels of ribozymes were used for subsequent experiments. Finally, aliquots of the cell clones were either frozen for long-term storage in liquid nitrogen or used for further studies in tissue culture.
Viral Infection and Assays for TK Expression-Approximately 10
6 cells in a T25 flask were either mock-infected or infected with HSV-1 in 1.5 ml of Medium 199 at a multiplicity of infection as specified under "Results." At 8 h after infection, cells were harvested and RNA and protein extracts were prepared as described previously (39) . The RNA probes used to detect TK mRNA and the transcripts of the ␣47, Us10, and Us11 genes were synthesized from pTK129 and pTK141, respectively. Plasmid pTK129 and pTK141 were constructed, respectively, by placing the 87-nucleotide-long BglII-MluI fragment from pTK101 and the 181-nucleotide-long BamHI-AccI fragment from pRB4059 under the control of bacteriophage T3 RNA polymerase promoter. These two fragments correspond to the sequences encoding the 5Ј sequence of TK mRNA and of the overlapping transcripts for HSV-1 ␣47, Us10, and Us11 genes, respectively (40) . RNase protection assays were performed as described previously (19) . The protected RNA products were separated in 8% urea/polyacrylamide denaturing gels, and quantitated with a Storm 840 PhosphorImager. The denatured, solubilized polypeptides from cell lysates were separated on 9% (v/v) SDS-polyacrylamide gels cross-linked with N,NЈ-methylenebisacrylamide. The separated polypeptides were transferred electrically to nitrocellulose membranes and reacted in an enzymelinked immunoassay with either anti-mouse or anti-rabbit IgG conjugated with alkaline phosphatase in addition to the antibodies against HSV-1 TK or ICP35. The membranes were subsequently stained with a chemiluminescent substrate with the aid of a Western chemiluminescent substrate kit (Amersham Pharmacia Biotech) and quantitated with a Storm 840 PhosphorImager. Quantitation was performed in the linear range of RNA and protein detection.
RESULTS
In Vitro Selection of M1GS Ribozymes-The RNA substrate tk46 used in the selection experiments contains a 5Ј TK mRNA sequence of 46 nucleotides (Fig. 1C ). This sequence has been shown to be accessible to modification by dimethyl sulfate and, in addition, to ribozyme binding in mammalian cell culture (19) . A pool of ribozyme variants was constructed by introducing mutations into three discrete regions of M1 RNA with a 10% probability of mutation from the wild type M1 RNA sequence. The three regions (i.e. nucleotides 61-96, 223-260, and 328 -363) included most of the positions that are conserved among all known RNase P catalytic RNAs and are probably involved in catalysis ( Fig. 2A) (13, 15, 16) . Previous studies have indicated that ribozyme variants with mutations at some of these regions exhibited higher cleavage activity than the wild type ribozyme (10, 11, 41) . C102, the ribozyme used to construct the mutant pool, contained several point mutations (e.g. A 347 C 348 3 CU, C 353 C 354 C 355 G 356 3 GGAU) at the catalytic domain (P4 helix) (31) . This mutant was at least 10 4 -fold less active than M1 RNA in cleaving a ptRNA (31) . Conservation of the nucleotide sequences at most of these positions has been shown to be essential for optimal M1 activity to cleave a ptRNA in vitro (31, 42) . The reason for using C102 over the wild type M1 RNA was to assure that the initial pool of ribozymes (G 0 ) exhibited little activity and that the selected ribozymes had to be derived from the pool of mutants throughout the selection.
Ribozymes that contained randomized mutations were annealed in the annealing buffer (50 mM Tris, pH 7.5, 100 mM NH 4 Cl) to the biotinylated tk46 RNA (Fig. 2B ). Divalent ions (e.g. Mg 2ϩ ), which are essential for M1 RNA and RNase P catalysis (12, 34) , were omitted from the annealing buffer to prevent cleavage. The annealed complexes of the ribozyme and 5Ј-biotinylated tk46 were allowed to bind to a streptavidin column in the absence of divalent ions (Fig. 2B ). Reaction buffer (buffer A: 50 mM Tris, pH 7.5, 100 mM NH 4 Cl, 100 mM MgCl 2 ) that contained MgCl 2 was added to the column to allow the cleavage reaction to proceed. M1 RNA was shown to exhibit optimal cleavage activity in buffer A (12) . Only active ribozymes cleaved their substrates and released themselves from the column while ribozymes that were less active remained bound. Finally, the active ribozyme molecules were recovered. cDNA molecules were then synthesized and amplified from these RNA molecules by reverse transcription followed by polymerase chain reaction (PCR), and used as the templates for synthesis of ribozyme molecules for the next round of selection. The activity of the ribozyme population of each generation was monitored by measuring the overall rate of cleavage (k cat /K m ) under single turnover conditions. The selection procedure was repeated nine times, until no apparent enhancement of the cleavage rate of the ribozyme population was observed after a short period of incubation (5 min) (data not shown).
Sequencing Analyses of the Selected Ribozymes-Forty-five sequences coding for the ribozymes isolated after nine cycles of selection were cloned and determined (Table I) . Only one wild type M1 RNA sequence (R43) was found, while all the other 44 sequences contained mutations including base substitutions, deletions, and insertions. Most of the mutations were found in the three regions that had been introduced with random sequences in the initial RNA pool. Moreover, most of the positions found to be mutated in C102 reverted to the wild type M1 RNA sequence. These results were consistent with previous observations that conservation of these nucleotides is essential for efficient M1 RNA activity to cleave a ptRNA (31, 42) , and further suggested that the conservation is also required for M1GS RNA activity to cleave a mRNA model substrate. A few mutations were also found outside these regions and were attributed to the PCR mutagenesis procedure (data not shown). The selected M1 RNA variants were divided into four sets based on the nature of their mutations in the three randomized regions (Table I ). The first set consisted of one ribozyme with the wild type M1 RNA sequence. The second set consisted of nine variants, which contained a single point (base substitution, deletion, or insertion) mutation. The third set included 25 ribozymes, which contained multiple mutations at different sites, but shared double mutations G 224 G 225 3 AA. The fourth set contained 10 variants, which did not exhibit the common double mutations found in set III but had multiple mutations at other positions.
Increased Catalytic Efficiency of the Selected Ribozymes-In our selection procedure (Fig. 2B) , ribozyme-substrate complexes were bound to a streptavidin column and the ribozymes were specifically selected for activity to cleave the biotinylated substrate under single-turnover conditions. Kinetic analyses of the cleavage reactions catalyzed by the selected ribozymes were performed under single-turnover conditions in order to determine their catalytic activity. Six variants (R43, 29, 107, R6, R29, and 141) were analyzed as they represent each set of the selected ribozymes. Cleavage of tk46 by the ribozymes was assayed and the overall cleavage rates, indicated as the values of k cat /K m , were determined (Table II) . Under the selection condition (i.e. buffer A), most of the selected ribozymes exhibited similar values of k cat /K m and were at least 5 ϫ 10 5 -fold more active than the initial ribozyme pool (G 0 ) and C102-TK, the M1GS RNA that was derived from ribozyme C102. Moreover, ribozymes 29 and R6 were 10-fold more active than M1-TK that contained the wild type M1 RNA sequence, while R29 was 20 times more active (Table II) . These observations FIG. 1. A and B, schematic representation of a ptRNA substrate, a small model substrate (EGS:mRNA) for ribonuclease P and M1 RNA from E. coli and a M1GS RNA construct to which a target RNA (S) has hybridized. The site of cleavage by RNase P or M1 RNA is marked with a filled arrow. The mRNA substrate contains three sequence elements: a 5Ј leader sequence, a targeting sequence, and a 3Ј tail sequence. C, schematic representation of the substrates used in the study. The uridine position of S5 that was incorporated with the photoactive 4-thiouridine nucleotide was highlighted. The targeting sequences that bind to the guide sequences of the ribozymes were boxed. The regions upstream and downstream from the targeting sequence represent the 5Ј leader sequence and the 3Ј tail sequence, respectively. indicated that highly active ribozymes were selected.
When the selected ribozymes were assayed to cleave ptRNA Tyr , most of these enzymes were not more active than M1-TK (Fig. 3, lanes 7-11 ; Table II ). These results suggest that the mutations were specifically selected to increase the catalytic efficiencies (k cat /K m ) of the ribozymes to cleave tk46 and might not necessarily be beneficial to their activities to cleave a ptRNA substrate.
Function of A
224
A 225 in Increasing Substrate Binding-Since the set III ribozymes (i.e. R6 and R29) contained a common mutation (G 224 G 225 3 AA) and exhibited the highest activities among the ribozymes tested (Table II) , they were further characterized and expressed in tissue culture to determine their efficacies in inhibiting TK expression (see below). To further determine whether the double mutations function to increase the activity of the selected ribozymes, a ribozyme, R6r, was derived from R6 by changing A 224 A 225 back to GG. R6r was less active in cleaving tk46 than R6 but was as efficient as M1-TK (Fig. 3, lane 5 ; Table III ), indicating that the double mutations are indeed responsible for the increased activity of R6. In our selection, the ribozymes bound to the substrate in the absence of divalent ions and were selected for cleavage activity in the presence of Mg 2ϩ ions. Divalent ions (e.g. Mg 2ϩ ions) have been shown to be essential for catalysis and formation of active ribozyme-substrate complexes (12, (43) (44) (45) . The values of k cat /K m obtained under single-turnover conditions reflect the rates of substrate binding and chemical cleavage of the phosphodiester linkage. Accordingly, experiments were carried out with these selected variants to determine whether a change in the rates of these steps contributed to the increased k cat /K m values. To determine whether the mutations affect the rate of chemical cleavage, substrate tk46 was allowed to form active complexes with the ribozymes in the presence of divalent ions and the apparent reaction rate constant, k app , for the complexes FIG. 2. A, the proposed secondary structure of the RNA subunit (M1 RNA) of RNase P from E. coli (15, 60) . The shaded sequences represent the three regions (positions 61-96, 223-260, and 328 -363), which were randomized at the 10% level in our studies. Most of the sequences of these regions are highly conserved in all known RNase P RNA subunits from eubacteria and archaea (15, 60) . B, the evolution in vitro procedure to select M1GS RNA variants to cleave the TK mRNA sequence. -
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was measured. Equimolar amounts of ribozymes and substrate tk46 were mixed in the presence of CaCl 2 and the ribozymetk46 complexes were separated from the unbound substrates using G-50 Sephadex gel filtration columns. In order to reduce the rate of cleavage while allowing proper folding of the ribozymes and substrates and preserving the interactions between the ribozyme and the substrate in an active ribozymesubstrate complex, CaCl 2 was used instead of MgCl 2 as the source of divalent ions. It has been shown that M1 RNA cleaves a ptRNA substrate at least 30 times slower in the presence of CaCl 2 than in the presence of MgCl 2 (44) . Indeed, in the presence of CaCl 2 , the rate of cleavage of substrate tk46 was at least 100-fold slower than that in the presence of MgCl 2 (data not shown) (46) . Meanwhile, kinetic and structural analyses suggested that interactions between the ribozymes and the substrates in the presence of Ca 2ϩ ions are similar to those found in the presence of Mg 2ϩ ions (44 -46) . To determine the values of k app , the ribozyme-substrate complexes were first diluted in different concentrations and then further incubated in the presence of 100 mM MgCl 2 to allow cleavage. The apparent rate constant, k app , for M1GS-tk46S1 complexes was independent of the concentrations of the complexes within the range of 2-70 nM tested (Table IV) , suggesting that substrate cleavage takes place predominantly in the bound complexes (cis-cleavage) as observed previously (32) . The values of k app for the selected variants were at least 1 ϫ 10 3 -fold higher than those of the initial ribozyme pool (G 0 ) and C102-TK (Table IV) . Moreover, the values of k app for R6 were similar to those of M1-TK and R6r, suggesting that this variant exhibited a similar rate of chemical cleavage as M1-TK and R6r. In contrast, the values of k app for R29 were three times higher than those of M1-TK and R6r (Table IV) .
An increase in the overall cleavage rate (k cat /K m ) of the selected variants may also be due to additional tertiary interactions between the ribozyme and the substrate. These interactions may result in better binding and docking of the substrate to the active site of the ribozyme. If this is the case, it is expected that binding affinities of the selected ribozymes to the TK mRNA sequence may increase. Ribozyme-substrate complexes were separated in polyacrylamide gels under non-denaturing conditions and the affinities of the selected ribozymes to substrate tk46 were assayed. To determine the binding affinity of the ribozymes to the substrate rather than to the product, the binding assays were also carried out under the buffer conditions that contain Ca 2ϩ but not Mg 2ϩ . During the binding assays, the cleavage products were barely detected while substantial amounts of products were found under the optimal cleavage conditions (e.g. 100 mM MgCl 2 ) (data not shown) (46) .
The binding affinities of the ribozymes to the substrates, measured as the dissociation constant (K d ), were determined and shown in Table III . R6 and R29 exhibited about 50 times higher binding affinity to tk46 than M1-TK. The fact that R6r exhibited similar binding affinity as M1-TK and was 50 times weaker than R6 further suggests that the mutated A 224 A 225 function to enhance substrate binding. Importance of the 3Ј Tail Sequence for Increased Substrate Binding-To further determine which part of the substrate is important for the increased binding affinity between the substrates and the ribozymes, binding assays were carried out using substrates tk46-3 and tk46-5, which were derived from tk46 by deleting the 3Ј tail and 5Ј leader sequence, respectively (Fig. 1C) . The binding affinity of M1-TK to tk46-3 was 4 times weaker than that to tk46 (Table III) . In contrast, the binding affinities of the selected ribozymes to tk46-3 were about 200 times weaker than those to tk46. Indeed, the values of K d of the selected ribozymes to tk46-3 were similar to those of M1-TK and R6r. In contrast, R29 and R6 still exhibited a 50-fold higher binding affinity to tk46-5 than M1-TK and R6r (data not shown), suggesting that the 5Ј leader sequence is not important for the increased binding affinity of the selected ribozymes. These results strongly suggest that the presence of the 3Ј tail sequence contributes to the increased binding affinity and deletion of this sequence results in the loss of the increased affinity. This notion is further supported by the results from kinetic analyses of the cleavage of tk46-3 by the selected ribozymes. Cleavage of this substrate by R6 was about 20 times slower than that of tk46 (Table III) . Similar results were also observed in the reactions with R29 (Table III) . In contrast, the rate of cleavage of tk46-3 by M1-TK was only about 2-fold slower than that of tk46. Indeed, R6 did not exhibit higher activity (k cat /K m ) than M1-TK in cleaving tk46-3 (Table III) . Thus, the presence of the 3Ј tail sequence appears to be important for the increased cleavage efficiency of R6 and R29. R6 and R29 still exhibited at least 10-fold higher cleavage activity than M1-TK and R6r when a 450-nucleotide-long substrate of TK mRNA sequence was used (data not shown). This substrate included the tk46 sequence and in addition, contained a 150-nucleotide-long 5Ј leader and a 287-nucleotide-long 3Ј tail sequence (19) . These results suggest that these variants may also cleave the entire TK mRNA more efficiently than M1-TK.
We have recently shown that nucleotides 224 -227 of M1-TK were cross-linked to the 5Ј region of the 3Ј tail sequence of a mRNA substrate (32) . To determine whether A 224 A 225 are in close contact with the substrate, ribozymes were UV-crosslinked to two mRNA model substrates, S5 and S5-3. These two substrates were derived from tk46 and tk46-3, respectively, by replacing all the uridines with cytosines, and contained a single photoactive 4-thiouridine at the 5Ј region of the 3Ј tail sequence (Fig. 1C) . Kinetic analyses and binding assays indicated that the values of k cat /K m and K d for S5 and S5-3 were similar to those for substrates tk46 and tk46-3, respectively, in the reactions catalyzed by the same ribozyme (Table III) . For example, the value of k cat /K m for the cleavage of S5 by R6 was similar to that for the cleavage of tk46 and was about 20 times higher than that of S5-3 and tk46-3 by the same ribozyme. These results indicated that the increased activities of the selected ribozymes to cleave tk46 and S5 were not significantly affected by the differences in the nucleotide sequences of these substrates.
The positions of the nucleotides in the ribozymes that were cross-linked to the substrates were determined by primer extension analyses using reverse transcriptase and oligonucleotide primers complementary to M1 RNA. Reverse transcriptase (RT) usually terminates one nucleotide 3Ј to the cross-link sites in the RNA template (36) . Primer extension products were found to be terminated at G 224 G 225 of M1-TK and R6r as shown previously (Fig. 4, lanes 5 and 8) (32) and in addition, at A 224 A 225 of R6 and R29 (Fig. 4, lanes 6 and 7) , suggesting that the mutated nucleotides were also in close proximity to the 5Ј region of the 3Ј tail sequence of S5. When ribozymes were UV-cross-linked to substrate S5, a significant increase in the amounts of primer extension products terminated at nucleotides 224 -227 was found in the presence of R29 and R6 compared with M1-TK and R6r (Fig. 4, lanes 5-8) . In contrast, no difference in the amount of the primer extension products was observed when S5-3 was used as the substrate (lanes 11-14) . As expected, no primer extension products at these nucleotide positions were detected in the control experiments that were not treated with UV irradiation (Fig. 4, lanes 9 -10 and 15) . The amount of the primer extension products terminated at a particular site either represents the efficiency of the cross-links or the nonspecific effect by RT (e.g. RT pausing and read-through on a RNA template). While we could not completely rule out the possibility that the observed differences in the amount of primer extension products were due to nonspecific pausing or read-through of RT, these results were consistent with the notion that the 3Ј tail sequence of S5 cross-linked more efficiently to nucleotides 224 and 225 of R6 and R29 than those of M1-TK and R6r.
To determine if the cross-linked species can adopt the active conformation, the conjugated complexes between the ribozymes and 5Ј end-radiolabeled S5 were isolated and tested for catalytic activity under the in vitro optimal cleavage condition (i.e. buffer A). If cleavage occurred, the radiolabeled 5Ј cleavage product would be released from the complex while the unlabeled 3Ј product, which included the photoactive groups, would be retained in the complex. As shown in Fig. 4 (lanes 16 -20) , more than 95% of the substrates in the R6-S5 complexes were cleaved within 2 h. Similar results were also observed in complexes between the substrates and M1-TK, R29, or R6r (data not shown). These results indicated that the majority of crosslinked species could adopt the active conformation. Similar results were also observed when the cross-linked complexes were diluted 100-fold before incubation in buffer A, suggesting that the cleavage of the substrates occurred within the crosslinked complexes and was not catalyzed by ribozymes from other adjacent cross-linked complexes (data not shown). These observations, together with the fact that UV cross-linking was carried out under conditions that allow substrate binding but not cleavage (e.g. buffer D), strongly suggest that the crosslinks occurred within the native structure of the ribozymesubstrate complex.
Expression of the Selected Ribozymes in Tissue Culture-To express the ribozymes in cultured cells, R6, R29, and M1-TK were cloned into the retroviral LXSN vector and placed under the control of the small nuclear U6 RNA promoter, which has previously been shown to express M1GS RNA and other RNAs steadily (19, 23, 25, 26, 38) . This promoter is transcribed by RNA polymerase III, and its transcripts are highly expressed and primarily localized in the nucleus. Four additional ribozymes, ⌬M1-TK, C102-TK, C102-R6, and C102-R29, were also constructed and cloned into the retroviral vector. Ribozyme ⌬M1-TK contained a deletion (nucleotides 163-377) of M1 RNA, while C102-TK, C102-R6, and C102-R29 were derived from M1-TK, R6, and R29, respectively, and contained the mutations found in C102. These ribozymes are catalytically inactive but contain the same guide sequence as M1-TK, R6, and R29. Indeed, C102-R6 and C102-R29 exhibited similar   FIG. 3. Cleavage of tk46 (lanes 1-6) and ptRNA Tyr (lanes 7-11) by the ribozymes. RNA substrates tk46 or ptRNA Tyr (1 nM) was incubated either alone (lanes 1 and 7) or with different ribozymes (1 nM) (lanes 2-6 and 8 -11) . Cleavage reactions were carried out for 45 min in buffer A (50 mM Tris-HCl, pH 7.5, 100 mM NH 4 Cl, 100 mM MgCl 2 ). 4 Cl, 100 mM MgCl 2 ) as described previously (19, 31, 32) . Binding assays were carried out in buffer D (50 mM Tris, pH 7.5, 100 mM NH 4 Cl, 100 mM CaCl 2 ), using a protocol modified from Pyle et al. (37) . The values shown are the average derived from triplicate experiments. S5 and S5-3 were derived from tk46 and tk46-3, respectively, by replacing every uridine with a cytosine and changing C 34 to U. Accordingly, every adenosine in the guide sequence of the ribozymes that targeted tk46 was replaced with a guanosine when the ribozymes were used to target S5 and S5-3.
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binding affinities to tk46 as R6 and R29 when assayed in vitro (Table III) . Therefore, these ribozymes can be used as the control for the antisense effect of the guide sequence.
To construct cell lines that express M1GS ribozymes, amphotropic packaging cells (PA317) (38) were transfected with LXSN-M1GS DNAs to produce retroviruses that contained the genes for M1GS RNA. Subsequently, ecotropic packaging cells (CRE) (47) were infected with these retroviruses, and cells expressing the retroviruses and ribozymes were cloned. The level of M1GS RNA expression in individual cell clone was determined with an RNase protection assay. As expected, the M1GS RNAs were exclusively expressed in the nuclei as they were only detected from the nuclear but not cytoplasmic RNA fractions (19, 25) (data not shown). The cell clones that expressed similar levels of ribozymes were used for subsequent experiments.
The ribozymes expressed in cultured cells appeared to be catalytically active as RNAs isolated from cells that expressed R29, R6, and M1-TK still exhibited activity to cleave tk46 in vitro (Fig. 5, lanes 2-4) . No cleavage activity was detected in RNAs from cells that either did not express a ribozyme (lane 6) or expressed inactive ribozyme mutants ⌬M1-TK (lane 5), C102-TK, C102-R6, and C102-R29 (data not shown). Among cells that expressed R29, R6, and M1-TK, RNA isolated from R29-expressing cells exhibited the highest activity while RNA from M1-TK-expressing cells exhibited the lowest. These data were in agreement with those from experiments in which the ribozymes synthesized in vitro were used (Fig. 3 , Table II The levels of the overlapping transcripts coding for viral ␣47, Us10, and Us11 proteins were used as internal controls for quantitation of TK mRNA expression. Fig. 6A shows the results (which are summarized graphically in Fig. 7 ) of the RNase protection experiments with both the TK and ␣47 probes. A reduction of about 99 Ϯ 2%, 96 Ϯ 3%, and 77 Ϯ 5% (average of three experiments) in the level of TK mRNA expression was observed in cells that expressed R29, R6, and M1-TK, respectively. In contrast, cells that expressed ⌬M1-TK RNA only exhibited a reduction of 10 Ϯ 5%. Similar results were also observed in cells that expressed C102-TK, C102-R6, and C102-R29 (Fig. 7) . The low level of inhibition found in cells that expressed ⌬M1-TK, C102-TK, C102-R6, and C102-R29 RNAs was probably due to an antisense effect. Thus, these observations suggest that the significant reduction of TK mRNA expression in cells that expressed M1-TK, R6, and R29 was due to the catalytic cleavage of the target mRNA by these ribozymes. No products of the cleavage of TK mRNA were detected in our RNase protection assays presumably because these RNAs, which lacked either a cap structure or a poly(A) sequence, were rapidly degraded by intracellular RNases. 
DISCUSSION
In the present study, M1GS RNAs were targeted to an accessible region of TK mRNA and were expressed by the small U6 nuclear RNA promoter. This design would increase the probability for the ribozymes to locate and bind to their target mRNA sequence. Under the described settings, we hypothesized that the efficacy of RNase P ribozyme cleavage in cultured cells is dictated by its catalytic efficiency (k cat /K m ). If this is the case, increasing the cleavage activity of RNase P ribozymes may lead to more effective inhibition of the target mRNA expression in vivo.
Ribozyme variants that exhibited higher cleavage activities (k cat /K m ) than the wild type ribozyme were isolated from a pool of M1 RNA sequences that contained random mutations. Variants that exhibited better substrate binding (e.g. R6) and in addition, higher rate of chemical cleavage (e.g. R29) were selected. Ribozymes R6 and R29 were highly active in vitro and inhibited TK expression in cultured cells by more than 95% and 98%, respectively. Indeed, these two variants were more effective in cultured cells than the ribozyme (i.e. M1-TK) derived from the wild type M1 RNA, which reduced TK expression by about 80%. In contrast, a reduction of less than 10% in the TK expression level was observed in cells that expressed C102-R6 and C102-R29. C102-R6 and C102-R29 exhibited similar binding affinities to tk46 as R6 and R29 but were catalytically inactive due to the presence of the mutations at the catalytic domain (Table III) . These results suggest that the overall observed inhibition with R6 and R29 was primarily due to targeted cleavage by these ribozymes as opposed to the antisense effect of the ribozyme sequences. Moreover, the ribozyme (R29) that exhibited higher cleavage activities (k cat /K m ) appeared to be more effective in cell culture. These results strongly support our hypothesis that increasing the catalytic efficiency of RNase P ribozymes may lead to improved efficacy in inhibiting gene expression in cultured cells. The difference between the in vivo efficacies of the selected variants and M1-TK (e.g. 99% versus 80%) appeared to be more limited than that of the in vitro cleavage efficiencies (more than 10-fold difference). One of the possible explanations is that about 1-2% of the target mRNA may not be accessible to ribozyme binding, possibly due to its rapid transport to the cytoplasm.
Little is known about whether a single RNase P ribozyme molecule cleaves multiple substrates in cells (turnover). While the steady-state levels of the ribozymes and their target mRNAs in cell culture can be determined, it is difficult to determine what fraction of the ribozymes expressed are accessible to substrate binding or are active for catalysis; especially when a cellular protein may bind to the ribozymes and prevent their folding or interacting with the substrate. One of the most important factors affecting the rate of ribozyme turnover is product release. While the 13-base pair interaction between the ribozyme and the 3Ј cleavage product disfavors rapid product release, it is still possible that the ribozyme can quickly dissociate from the product in cultured cells by interacting with cellular proteins and catalyze cleavage of another substrate. Several proteins have been shown to stimulate ribozyme activity and facilitate product release of hammerhead and group I intron ribozymes (48 -51) . Further studies on whether M1GS RNA can interact with cellular proteins will provide insight into the function of M1GS ribozyme in cells.
Double mutations G 224 G 225 3 AA were found in 25 selected sequences, more than half of the 45 ribozymes sequenced. Little is known about the functions of G 224 G 225 in RNase P ribozyme catalysis. They were not in the conserved regions (10, 11) and the mutations did not significantly affect the activity of the ribozymes to cleave ptRNA Tyr (Table II) . The positions of these two nucleotides in the current models of the three-dimensional structure of RNase P ribozymes are not yet completely defined (13, 16) . Moreover, little is known about the position of the 3Ј tail sequence of the mRNA substrate in these models. In the present study, several lines of evidence strongly suggest that A 224 A 225 enhance the binding of the ribozyme to the 3Ј tail sequence of the substrate. First, R6 but not R6r was more active in cleaving tk46 than M1-TK. R6 exhibited higher affinity to tk46 but not a higher apparent rate of cleavage (k app ) than M1-TK and R6r. These observations suggested that the mutated nucleotides were responsible for the increased substrate binding and cleavage efficiency (k cat /K m ). Second, cleavage and binding assays with substrate tk46-3 suggested that the presence of the 3Ј tail sequence contributed to the increased binding affinity and cleavage activity (k cat /K m ) and deletion of this sequence resulted in the loss of the increased affinity and cleavage efficiency. Third, site-directed UV cross-linking studies suggested that A 224 A 225 were in close proximity to the 3Ј tail region of the mRNA model substrate. Thus, these two nucleotides appear to enhance binding of the ribozyme to the 3Ј tail sequence of the substrate.
The increased activity of R6 and R29 appears to be independent of the primary nucleotide sequence of the 3Ј tail region. This is consistent with our results with substrates tk46 and S5, which did not have completely identical nucleotide sequences (Table III, Fig. 1C ). For example, ribozymes derived from R6 and R29 exhibited higher activity in cleaving S5 than that derived from wild type M1 RNA. When the catalytic domain of R6 was used to construct a M1GS RNA to target the mRNA sequence coding for chloramphenicol acetyltransferase, this ribozyme also exhibited higher activity than that derived from M1 RNA (data not shown). These observations suggest that the catalytic domain of the selected variants can be generally used to construct highly active ribozymes to target any mRNA sequence. Moreover, these results suggest that the ribozyme variants enhance the recognition of the substrate possibly by interacting with the structural features (e.g. the 2Ј hydroxyl groups) of the 3Ј tail sequence other than the bases of the nucleotides.
In vitro selection has been widely used to generate either new nucleic acid-based catalysts or more efficient variants from known ribozyme molecules (27, 29, 52, 53) . For example, this procedure has been extensively used to generate efficient group I intron, hammerhead, and hairpin ribozyme variants (54 -59) . However, whether these variants also exhibit higher efficacies in tissue culture has not yet been extensively examined. In vitro selection procedures were also used to generate RNase P ribozyme variants that cleave a ptRNA substrate efficiently (31, 41, 42) . Our study represents the first to use the selection procedure for isolation of gene-targeting RNase P ribozyme variants. Previous studies have indicated that ribozyme variants with mutations at some of the conserved regions exhibited higher cleavage activity than the wild type sequence (10, 11, 41) . However, to our surprise, the most frequent mutations (G 224 G 225 3 AA) among the selected variants were not located in the highly conserved regions. Moreover, these mutations appeared to enhance the interactions between the ribozyme and the 3Ј tail sequence of the substrate. These observations are consistent with the notion that the mutations were selected specifically for interaction with the unique features of a mRNA substrate. Meanwhile, other mutations were also found in the highly conserved regions. Indeed, R29 contained two additional mutations (deletion of U 339 and U 76 3 C) in the M1 conserved regions and exhibited even a higher activity than R6. Further studies of how these mutations improve the ribozyme catalytic activity will provide insight into the mechanism of how RNase P ribozymes cleave a mRNA substrate efficiently.
Our results also demonstrate for the first time the correlation between the in vitro cleavage activities (k cat /K m ) of RNase P ribozymes and their efficacies in cultured cells and further suggest that improvement of their in vitro catalytic efficiencies should lead to increased efficacies in tissue culture. The catalytic domain of the selected variants (e.g. R6) can generally be used for the construction of M1GS RNAs to target other mRNAs (e.g. chloramphenicol acetyltransferase mRNA). Experiments are being carried out to determine the efficacies of these constructed M1GS variants for inhibition of gene expression and replication of human cytomegalovirus. 2 Thus, our study provides a direction for the engineering of highly active and effective RNase P ribozyme variants by carrying out selection procedures and manipulation of the M1 catalytic domain to interact more efficiently with the mRNA substrates. Further studies on these variants and their interactions with the mRNA substrates should provide insight into the mechanism of how an RNase P ribozyme cleaves an mRNA substrate and develop guidelines for construction of effective gene-targeting ribozymes.
